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STATIC LOAD INDUCED LIQUEFACTION, STEELS CORNERS ROAD 
EMBANKMENT FAILURE 
 
Mitchell W. Weber, P.G   Alexandre J. Bredikhin, P.E.     
Gannett Fleming Engineers and Architects, P.C.,  Ohio Department of Transportation, District 4,  
300 N. Cleveland-Massillon Road, Suite 104  2088 South Arlington Road 






A simple, roadway widening became significantly more expensive when geologic conditions conspired to complicate the project.  The 
widening was to be accomplished by the construction of a 25-foot wide and 15-foot high embankment.  The embankment was located 
adjacent to a “wetland” area and pond.  Fill placement begin and a height of 7 feet was reached when operations ceased for the week.  
Work began two days later.  A 400-foot long scarp formed and the fill “moved” nearly 4 feet vertically and 1-foot laterally.   
 
An initial suspicion of settlement due to compression of peat was dismissed when no organic deposits were found beneath the 
embankment.  The exploration encountered glacial outwash deposits consisting of alternating layers of thick, relatively loose, 
hydrostatically-charged sand confined between thin, dense clay strata.  Consolidation settlement analysis could not account for the 
magnitude of vertical or the lateral component of the movement.  We concluded that the embankment construction caused the 
liquefaction of the sand layers beneath the fill; effectively reducing the shear strength to zero.   
 
Slope stability analysis confirmed the only means of producing the failure was to introduce positive pore pressure into the sand 
deposits.  The resulting shallow, circular failure surface was a near-perfect match of the head scarp and toe bulge observed in the 
wetland at the edge of the pond.  To increase pore pressure, three criteria must be met; the availability of water with sufficient head to 
completely saturate and “charge” the strata, the prevention of free drainage, and the increase of soil strain through dynamic or static 





The relative location of the project is shown on Fig. 1.  East 
Steels Corners Road was being widened at the intersection 
with SR 8.  The widening required the installation of an 
embankment fill.  The south, outside (shoulder) lane of the 
embankment failed along a 400-foot section of the 
embankment.  The height of the embankment in this area 
varies but was generally greater than ten feet.  A drainage 
ditch runs along the south toe of the slope. 
 
During the foundation excavation for the new embankment, 
the Contractor “found” what was thought to be soft subgrade 
conditions, as shown in Fig. 2.  ODOT decided to undercut the 
subgrade and replace the soil with AASHTO No.1 and 2 
limestone aggregate.  The “stabilized” subgrade initially 
appeared to support the subsequence embankment 
construction and progress continued for several feet of 
embankment soil placement. 
 
 
Fig. 1.  Aerial Location map of the project site in northern 
Summit County, Ohio. 
PROJECT 
LOCATION 
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Fig. 2.  Excavator sinking into the soft subgrade material at 
the base of the embankment slope. 
 
The site was essentially left ideal from May until October 
while other work on the project was completed.  Soil 
placement began again the week of October 19 2008. At the 
end of that week, the embankment had been built up to a 
height about 15 feet above the toe stabilization.  Figure 3 
shows the condition that developed in the fill almost 
immediately after the contractor had concluded his work for 
the week on Friday October 22nd.   
 
 
Fig. 3. Shear Cracking begins in embankment fill at the 
conclusion of fill placement activities. 
 
The contractor returned on Monday October 26th to find the 
conditions shown in Fig. 4.  The relatively rapidly placed fill, 
i.e., about 12 vertical feet in three days, has moved 3.5 feet 
vertically and more than 1.0-foot horizontally. 
 
ODOT decided to fill the scarp with Low Slump Mortar 
(LSM) and allow the contractor to re-build the slope to the 
final grade.  Figure 5 shows workers backfilling the scarp with 
the LSM over the 400-foot long failed area.  The 3.5 feet of  
 
fill was placed over the next day and the failure scarp 
immediately opened up again.  
 




Fig 5.  Backfilling failure scarp with Low Slump Mortar. 
 
A limited field exploration and soil laboratory testing was 
performed on the fast-track to determine the cause of the 
failure and develop a remedial design as quickly as possible to 
minimize the construction delay period.  Specifically a total of 
four (4) soil borings were advanced utilizing both Standard 
Penetration Testing (SPT) and Cone Penetration Testing 
(CPT).  Two drilling companies were contracted to expedite 
the work.  The laboratory testing consisted of forty moisture 
contents, ten organic contents, and ten soil classifications.  
The original investigative approach included settlement and 
slope stability analysis and the generation of subsurface 
profile.  The design team was given 10 working days to 
complete the investigation, analyses, and design.  This design 
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SITE CONDITIONS 
 
General Soil Conditions 
 
A review of the USDA Summit County Soil Survey indicated 
that the soil at the project site are part of the Carlisle 
Association.  This association is characterized by the presence 
of post-glacial lakebeds, kettle holes, and peat bogs.  The 
Carlisle Muck makes up more than 75% of the association.  
The Soil Survey defines muck as “an organic soil consisting of 
fairly well decomposed organic material that is relatively high 
in mineral content, finely divided, and dark in color”.  Further, 
organic soil is defined as “a general term applied to a soil or 
soil horizon that consists primarily of organic matter such as 
peat soils, muck soils, and peaty soil layers”.  Figure 6 is a 




Fig.6:  Portion of Summit County, OH Soil Survey mapping. 
 
The presence of a kettle lake and surrounding wetland plant 
species confirm that the project site is adjacent to and partly 
underlain by muck soils.  The soil survey reports Carlisle 
muck deposits in kettle holes within the County range from 4 
to greater than 100 feet in thickness. 
 
One of the characteristics of glacial outwash deposits in 
Summit County is alternating clay-rich and sand-rich, layered 
soil strata.  This soil sequence is prone to develop artesian 
and/or perched water tables. 
 
General Site Geology 
 
A discussion of the site geology is predominately concerned 
with the glacial and post-glacial process that have created and 
affected the landscape of the County.  As shown on the aerial 
photographs of Figures 1 and 6, the landscape surface is 
literally pock-marked with isolated, circular and near-circular 
lakes.  This topography is indicative of “deranged drainage”; a 
glacial geology term used to describe kettle lakes formed by 
retreating glaciers, which usually lack an inflowing or 
outflowing stream (or both).  This phenomena is due to the 
formation of the kettle, which is either a clay-lined depression 
isolated from the groundwater and recharged by surface 
inflow; or a depression that intercepts the groundwater table 
and is recharged by that underground source.  
 
Another important geological feature at the project site is the 
occurrence of a buried valley.  The topography at the ground 
surface is relatively flat and does not appear to be a 
topographic valley, thus the term “buried valley”.  This feature 
is readily interpreted from the top of rock contours shown on 




Fig.7:  Portion of Summit County, OH Glacial Geology 
mapping with top of rock contours. 
 
A top of rock cross-section, drawn parallel to Steels Corners 
Road shows a narrow, deep valley underlies the site.  The 
valley ‘drains’ a large area north and east of the project site.  
The valley is filled with more than 400 feet of glacial outwash 
sediment and drains north to south.  The valley significantly 
constricts beneath the project site, which is conducive to 
“charged” strata, i.e. strata under full hydrostatic head.   
 
EXPLORATION 
Exploration Program  
 
To expedite the investigation, two drilling subcontractors were 
used.  Between the two sub-contractors, a total of three soil 
borings with standard penetration tests (SPT), and three cone 
penetration tests (CPT) were advanced in four locations 
between November 2nd and 3rd .  The Boring Location plan is 
presented as Figure 8.  As some of the SPT and CPT’s were 
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performed at the same approximate location (±2 feet) they 
share the same number.   The borings were numbered B-001, 
























The representative samples of soil retrieved in the split spoons 
were placed in glass jars and transported for testing.  Twenty 
eight moisture content tests and nine index tests were 
performed on selected samples. The samples in B-002, at the 
depth of 32.0-33.5 and B-003 at the depth of 48.5-50.0 
represent the charged layers of sand.  Both of these samples 
had natural water contenst near the liquid limit of the soil.  
Boring B-003, in the kettle deposit, had organic soil samples 
with natural water contents ranging from 73% to 592%.    
 
Generalized Geologic Profile 
 
This profile is a simplification of the subsurface profile and is 
based on the poorest soils penetrated during the limited field 
exploration.  It depicts the charged granular sands with 
drainage retarding clay layers directly beneath the new 
embankment section and organic silts and peat deposit in the 
kettle immediately south across the drainage channel.  The 
section is presented as Figure 9. 
 
 




Based on our field reconnaissance, it was anticipated that the 
affected area overlaid very soft organic silts, clays, or perhaps 
peat.  Therefore, our original premise for failure was likely a 
result of substantial vertical settlement with a minor circular 
(slope) failure component.  The field exploration revealed a 
subsurface profile different than what was expected.  After the 
evaluation of the field test data, laboratory test data, and 
literature review we changed our conclusion to a scenario that 
largely attributed the failure due to a rotational slope failure 




Our conclusion that the surface deformation was largely due to 
a circular failure was supported by the results of our 
settlement analysis.  Due to the predominate granular 
consistency of the subsurface soils, we chose to use the 
Schmertmann Methodology of settlement analysis for 
cohesionless soils to evaluate the potential magnitude of 
vertical deformation.  Several settlement analysis scenarios 
were evaluated using the generalized geological profile and 
varying the parameters affecting settlement, i.e., weight of 
overburden material and the width of the embankment in order 
to determine the maximum reasonable settlement possible.  
This produced a potential settlement of approximately 12 




Stability of the new embankment soil slope was modeled 
using GSTABL7.  The typical section (Fig. 9) was used to 
create the stability model.  The various soil parameters were 
either determined from the results of the cone penetration 
tests, laboratory index tests, or published values for soil with 
similar index properties (NAVFAC DM 7.1 and 7.2).    
 
The mechanisms of failure are presented in the following 
sections.  Essentially two equilibrium cases were analyzed: the 
loading condition at failure (undrained condition) and the 
condition after the installation of internal drainage (drained 
78+00 76+00 74+00 
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condition).  The Modified Bishop circular mode of failure 
analysis was used to determine the most critical (lowest factor 
of safety) case.  To model the “charged” condition of the sand 
strata, a pore pressure ratio () of 1.0 was used.  The 1.0 
value allows the program to model the ‘liquefaction’ 
condition.  The table below summarizes the stability analysis 
results. 










Undrained 1.0 0.79 1.50 
Drained 0.5 1.77 1.50 
 
As demonstrated by the results, the undrained condition yields 
a factor of safety lower than the equilibrium condition, e.g. FS 
= 1.0 and significantly lower the generally required “stable’ 
Factor of Safety of 1.5.  Conversely the drained condition, 
which will occur after the installation of the wick drains, has a 
FS = 1.77, a value higher than the required FS = 1.5.   
 
MECHANISM OF FAILURE 
 
Based on the results of the subsurface investigation, settlement 
analyses, and stability analyses; we concluded that static load 
induced liquefaction caused a shallow, rotational embankment 
failure.  The liquefaction (or partial liquefaction) of the sand 
layers beneath the fill triggered the slope failure. 
 
Castro and Poulos (1977) defined liquefaction as “a 
phenomenon wherein a saturated sand loses a large percentage 
of its shear resistance (due to monotonic or to cyclic loading) 
and flows in a manner resembling a liquid until the shear 
stresses acting on the mass are as low as its reduced shear 
resistance.  The authors conclude that liquefaction most 
commonly occurs in loose, fine sands and static load can cause 
the phenomena.    
 
In order for the pore pressures to increase Holtz and Kovacs 
(198X) state that three criterions must be fulfilled; one is the 
availability of water drainage with sufficient head through the 
area to completely saturate and “charge” the soil, the second is 
the prevention of free drainage, and the third is an increase of 
the strain on soil through dynamic or static loading.   The first 
condition is met by the geology of the area as discussed in 
section General Site Geology.  The second criterion was met 
due to the presence of confining clay layers that restrict the 
vertical movement of water and the presence of the clay along 
the side and bottom of the kettle deposit.  These two glacial 
stratigraphic features severely restrict drainage of the sands.  





The following support the above conclusion: 
 
 The literature review reveals the area is a buried 
glacial valley and there is a constriction in that valley 
beneath the site. 
 The observation of saturated sand cuttings during 
drilling; the cuttings were observed to flow on the 
ground.  
 The natural water content of the “sand” is near the 
liquid limit of the soil.  
 Very low STP blow counts indicate loose and 
charged stratum.   
 The very poor CPT cone resistance of Boring B-002 
supports soil in a semi-liquid state.  
 The presence of peat kettle south of the slope failure 
restricts drainage and provides very little lateral 
support due to the very low shear strength, relative 
density, and unit weight of the peat deposit.   
 “Blowing” sands causing the blockage within the 
augers during drilling.  
 The observed rise of water level within the ditch may 
be the result of the compression of peat during the 
slope failure.   
 Photographs of the pond south of the slope support a 
lateral movement of the failed slope’s soil and 




Fig. 10:  Photo of the kettle pond about 100 feet south of the 
new embankment.  Photo taken in July 2008 before failure. 
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Fig. 11:  Kettle pond (October 2008) after the embankment 




The following items lead to the conclusion that the Steels 
Corners embankment failure resulted from the liquefaction of 
the embankment foundation soils.  The conditions for the 
liquefaction were the result of the existing glacial geology and 
the relatively rapid construction of the final 10-12 feet of 
embankment fill. 
 The magnitude of predicted consolidation settlement 
of the loose sand layers (about 1.0 ft.) did not account 
for the observed vertical deformation of 3.5 feet. 
 Neither peat nor organic silt strata underlay the 
embankment. 
 The sand layers were under artesian head due to the 
glacial stratigraphy and regional groundwater 
gradient. 
 The kettle pond adjacent to the embankment had a 
thick, stiff clay bottom (and sides) acting as an 
aquitard to the lateral groundwater movement. 
 The first few feet of fill was placed slowly, but when 
sufficient borrow material became available, the fill 
was placed quickly. 
 The failure occurred as soon as the final lifts were 
compacted. 
 An attempt to place fill on the failed section, once 
again triggered failure once the final lift was in-place. 
 The stability model failure surface very closely 
resembled the actual failure including the exit point 
of the failure surface at the edge of the kettle pond. 
 
CONSTRUCTION ALTERNATIVES  
 
Several methods of remediation were evaluated to mitigate the 
embankment failure.  The methods fell into two broad 
categories; ground modification and excavation and 
replacement.  Given the ground water elevation, high soil pore 
pressure, the presence of peat, and depth to firm strata; any 
excavation and replacement effort would require the use of 
inside and outside sheeting or cellular sheet piling and 
dewatering.  This would is generally expensive and difficult to 
construct making this approach highly undesirable.   
 
The following is a list of ground modification alternatives 
considered:    
 Soil Mixing 
 Vibro Compaction 
 Stone Column Construction   (Geopiers)  
 Structural Columns (caissons) 
 Drainage  
Of these, the installation of wick drains to relieve the pore 
pressure in the underlying sands was the least costly, fastest to 
construct and most beneficial.  The contractor had experience 
with wick drains and a wick drain contractor was working on 
another project several miles north of the site. 
 
Recommend Alternative Construction  
 
Due to the limited exploration and to provide a responsive 
engineering design, the installation of piezometers and 
inclinometers was recommended to monitor the dissipation of 
the pore pressures and possible movement in the slope during 
the re-construction of the embankment.  The monitoring 
facilitates the modification of construction procedures should 
any adverse condition be encountered.  A conceptual cross-















Fig. 12:  Typical section of the wick drain mitigation 
alternative. 
 
Based on the soil permeability, it was recommending that the 












Fig. 13:  Typical plan of the wick drain mitigation alternative. 
Wick Drains 
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Instrumentation Recommendations 
 
In order to monitor the dispersion of pore pressure and slope 
movement the installation of four dual use piezometers and 
inclinometers and four piezometers was recommend.  Based 
on the monitor readings, modifications to placement rates 
could be implemented to insure pore pressures did not rise to 




The following photos show some of the installation process. 
 
 
Fig. 14:  Wick Drain Installation 
 
Fig. 15:  Wick drain driving mandrel used to insert wicks. 
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